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a b s t r a c t
Thermal conductivity measurements in various well-known Yb3+ and Nd3+ doped laser materials are
performed by using an all-optical pump–probe approach based on the pump-induced thermal lens
phenomenon. The derived values agree well with the existing data and open the way to more extensive
and more complete investigations.
 2014 Elsevier B.V. All rights reserved.
1. Introduction
The thermo-optical parameters which characterize any laser
materials are essential parameters which need to be determined
and accounted for very carefully in the cavity designs to achieve
the best laser performance both in terms of efﬁciency and laser
beam quality. Indeed, the excitation pump induced heat and the
increase of the temperature in the gain media can lead to various
perturbations like depolarization losses, lensing effects and even
the destruction of the laser materials.
Several important laser materials have been investigated in the
past to derive reliable thermal diffusivity, heat capacity and ther-
mal-conductivity values, some of them being even reported as a
function of temperature and/or dopant concentration [1–13]. How-
ever, most of these measurements have been performed by using
heat propagation methods [1–10] in which heat is provided on
one side of the sample by using either an electric heater, a lamp
or a laser, and the heat transmitted or the temperature on the other
side of the sample is measured and analyzed. This is the case, for
instance of the so-called laser-ﬂash method in which the thermal
diffusivity is determined by rapidly heating one side of the sample
and by measuring the temperature rise on the opposite side as a
function of time. Very few measurements have been performed
by using optical methods [11–13], and practically none of them
as a function of light polarization. This should not matter in the
case of amorphous and ceramic materials, but it is certainly worth
to be investigated in the case of uniaxial and biaxial crystals like
YVO4 and KYW.
The characterization method which is described and imple-
mented in this paper, the so called ‘‘thermal lens technique’’, is
an all-optical approach, allowing the determination of the thermal
diffusivity, the thermal conductivity, the variation of the optical
path as a function of the temperature, as well as the emission
quantum efﬁciency of the considered luminescent materials [14].
It has been extensively used for a variety of doped and undoped
materials [15–17]. We report here some preliminary results which
we have obtained with a series of well-known Nd- and Yb-doped
crystals and glasses, and we compare these results with those
already reported in the literature.
2. Principles and description of the method
The thermal lens technique is a simple pump–probe technique
which is described in Fig. 1(a) and relies on the diameter mismatch
between the pump and probe beams. Indeed, as shown in Fig. 1(b),
the pump beam needs to be smaller than the probe one at their
intersection inside the sample in order to probe a larger zone than
the one which is submitted to laser excitation and to observe the
thermal gradient generated inside the material.
The probe signal temporal evolution, which results from the
chopped excitation pump beam, reports the convergent or
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divergent character of the thermal lens induced in the pumped
material. The recorded signal is then ﬁtted with a predeﬁned math-
ematic model, in order to determine the characteristic time con-
stant tc necessary for the establishment of the thermal lens effect
[14] and thus the thermal diffusivity D (cm2/s), knowing that
D =xoe2/4tc, xoe being the waist radius of the excitation pump
beam. Also, the thermal conductivity K (W/m/K) of the considered
material can be evaluated through K = q  Cp  D, q being the density
(g/cm3) and Cp the heat capacity (J/g/K).
The pump signal is modulated at 10 Hz to get enough time to
induce a thermal lens effect in the gain medium and to observe
the system to reach the stationary state. The tested crystals were
excited by using a Ti:Sapphire tunable laser operating around
800 nm in the case of Nd3+ doped materials (4I9/2? 4F5/2 absorp-
tion transition) and around 980 nm for the Yb3+ doped materials
(2F7/2? 2F5/2 absorption transition), while a He–Ne laser at
632.8 nm is used for the probe beam.
The probe signal evolution, as reported for instance in Fig. 2 in
the case of Nd:GGG, shows the formation of the thermal lens as a
function of time. In the present case, the increase of the signal
reveals a convergent character of the induced thermal lens [17]
(ds/dT > 0, where ds/dT is the variation of the optical path length
with the temperature).
This probe signal temporal evolution is then ﬁtted to the equa-
tion [14]:
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where I(t) = I(0) at time t = 0, m ¼ xpxoe
 2
accounts for the mismatch
between the waists of the pump and probe beamsxoe andxp at the
sample, V ¼ Z1Zc , Z1 being the distance between the probe beam waist
and the sample, Z2 the distance between the sample and the detec-
tor P2 (see Fig. 1), and Zc the confocal distance of the probe beam
with Z2 Zc.
The only ﬁtting parameters are the time constant tc deﬁned
above and h, where h represents the phase difference induced by
the thermal lens effect, as measured between the probe beam
phase at the beam center r = 0 and r ¼
ﬃﬃﬃ
2
p
xoe, with r being the
radial distance from the beam center in the sample [15]. Although
not in the focus of the present work, it is important to mention that
h depends on the absorbed pump power, on the fraction of
absorbed pump power converted into heat (thermal load) and on
ds/dT [17].
The values of the different experimental parameters used for all
the samples are gathered in Table 1.
3. Experimental results
The Nd-doped YVO4 and GdVO4 and Yb-doped YLF uniaxial
crystals were prepared in the form of platelets with their faces per-
pendicular to one of their a axes. Therefore, the pump and probe
beams could be either p (E//c) or r (E/\c) polarized. The Nd-doped
KGW biaxial crystals were also prepared in the form of platelets,
but with the faces perpendicular to their principal axis b. In this
case, light could be polarized with the electric ﬁeld parallel to
one of the other optical indicatrix axes labelled nm and ng, or X
and Z, with b = Y = np [18].
The experimental results obtained with the main Nd3+ and Yb3+
doped laser materials are presented in Table 2.
The thermal lens results obtained in the case of the cubic and
amorphous materials, i.e. for YAG, GGG and the Nd-doped glasses,
perfectly agree (within the experimental errors) with those
reported in the literature. The values obtained for the uniaxial
and biaxial crystals also agree reasonably well with those found
in the literature; it is observed, however, some very interesting
polarization effect which might be worth to be investigated more
speciﬁcally in a subsequent study. For instance, in the case of the
uniaxial crystals, Nd:GdVO4 and Nd:YVO4, for which the experi-
ments were performed with pump and probe beams propagating
along one of the two equivalent a crystallographic directions and
Fig. 1. (a) Schematic of the thermal lens experimental set-up (left), (b) represen-
tation of the probe and excitation beam superposition. Z1 stands for the distance
between the probe beam waist and the sample and Z2 for the distance between the
sample and the detector P2.
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Fig. 2. Example of normalized thermal lens signal showing the formation of a
convergent lens with time in the case of a sample of GGG:2%Nd for an excitation
pump power Pe = 119.2 mW (time constant tc = 2.1  104 s).
Table 1
Parameters used in the thermal lens setup for the cases of samples doped with Nd3+
and Yb3+ ions.
Doping xoe (lm) xop (lm) xp (lm) Z1 (cm) Zc (cm) m V
Nd 55 53 167 4.2 1.39 9.3 3
Yb 66.5 49 206 4.9 1.2 9.6 4
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with the same p (E//c) or r (E\c) polarizations, two different ther-
mal diffusivity and thermal conductivity values were obtained:
one (corresponding to E//c) being very close to that reported in
Ref. [7] for heat propagating along the crystallographic axis a,
noted Ka, and the other (corresponding to E\c) being close to that
found in Ref. [7] and noted Kc. These measurements were per-
formed just rotating the crystal but keeping the position ﬁxed in
order to assure that the beam waists do not change. Therefore,
the observed variation is certainly larger than the experimental
uncertainty. It should be noticed that Eq. (1) was obtained assum-
ing that the TL dynamics is governed only by the temperature pro-
ﬁle, DT(r, t), so that the optical path difference, OPD(r, t), is
proportional toDT(r, t). Consequently, the TL signal, I(t)–I(0), is pro-
portional to the inverse of the curvature of DT(r, t). This model uses
the heat conduction equation for a homogeneous media so that
heat propagates in an inﬁnite plane perpendicular to the pump
propagation [14]. Therefore, it is not strictly valid for uniaxial or
biaxial crystals where the thermal conductivity has different val-
ues, Ka and Kc, and consequently DT(r, t) loses its radial symmetry.
Anyway, this approach is approximately valid resulting in an effec-
tive diffusivity [21]. So, further experiments performed under ﬁxed
pump propagation and polarization directions and variable probe
polarizations are necessary to elucidate that intriguing question.
Therefore, the TL method offers a number of interesting oppor-
tunities which will be investigated in the near future. It gives the
possibility to study the effects of pump excitation as a function
of the pump and probe propagation directions but also as a func-
tion of their polarizations, which already partly appears in the
results obtained here for the uniaxial and biaxial systems. As
detailed in Ref. [15], the method also gives access, via the h ﬁtting
parameter which appears in Eq. (1), to other very important phys-
ical quantities like the pump-induced temperature variation of the
optical path length in the laser medium, the fraction of pump
power converted into heat and even the effective ﬂuorescence
quantum efﬁciency of the luminescent centers at the origin of
the laser properties of the considered materials.
4. Conclusion
The thermal lens properties of a number of well-known Nd- and
Yb-doped laser crystals and glasses have been examined by using
the so-called mode-mismatched thermal lens technique. The ther-
mal conductivity coefﬁcients which are obtained with this pump/
probe technique for different pump and probe propagation and
polarization directions are close to that found in the literature for
the most common compositions. It proves that this all-optical
method is a relevant non-intrusive one to characterize the thermal
properties of laser media with a good accuracy. Finally, the TL is a
noncontact technique so it can be also very easily used in associa-
tion with a cryostat to extend the measurements at various cryo-
genic temperatures.
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Table 2
Characteristics of the studied materials, excitation pump conditions and derived thermal diffusivity and thermal conductivity coefﬁcients (the notations k and E stand for the
propagation and the polarization directions of the pump and probe beams, whereas the notation Ka, for instance, stands for the thermal conductivity measured for heat
propagating along the crystallographic axis a).
Matrix Dopant Doping
level
Thickness
(mm)
Polarization
state
Thermal diffusivity
(cm2/s)
Heat capacity
Cp (J/g/K)
Density
(g/cm3)
Thermal conductivity
(W/m/K)
Thermal condictivity – literature
data (W/m/K)
GdVO4 Nd 1% 1 k//a, E//c 0.0325 0.501 5.477 8.92 ka = 8.35, kc = 10.2 [7]
GdVO4 Nd 1% 1 k//a, E\c 0.0400 0.501 5.477 10.98 Idem above
GGG Nd 2% 1.52 x 0.0238 0.427 7.083 7.2 No data
KGW Nd 0.86% 1.89 k//b, E//X 0.0098 0.363 7.207 2.56 ka = 2.6, kb = 3.8, kc = 3.4 [19]
KGW Nd 0.86% 1.89 k//b, E//Z 0.0148 0.363 7.207 3.87 Idem above
YAG Nd 0.70% 4.7 x 0.0341 0.59 4.56 9.17 9.7 [10]
YVO4 Nd 1% 1 k//a, E\c 0.0478 0.544 4.241 11.3 ka = 8.5, kc = 11.3 [7]
YVO4 Nd 1% 1 k//a, E//c 0.0420 0.544 4.241 9.69 Idem above
YAG Yb 10% 1.68 x 0.0219 0.590 4.56 5.89 5.7 [10]
GGG Yb 5% 0.89 x 0.0238 0.427 7.083 8.56 7.9 < k < 10.6 [13]
YLF Yb 5% 1.4 k//a, E\c 0.0210 0.790 3.771 6.26 ka = 4.1, kc = 5.2 [4]
YLF Yb 5% 1.4 k//a, E//c 0.0173 0.790 3.771 5.15 ka = 7.2, kc = 5.8 [3] undoped
Silicate glass
LSG91H
Nd 3% 1.01 x 0.0038 0.63 2.814 0.67 1 [20]
Phosphate glass
LG760
Nd 3% 1.02 x 0.0026 0.73 2.84 0.54 0.6 [20]
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